The effects of seaweed diets on the growth and biochemical composition of the white sea urchin Tripneustes gratilla were studied using three seaweeds with different fatty acid (FA) profiles: Ulva pertu sa (green alga, high in 16:4n-3, 18:3n-3, and 18:4n-3 polyunsaturated fatty acids or PUFAs), Gloiopel tis furcata (red alga, rich in 20:4n-6 and 20:5n-3 PUFAs) and Undaria pinnatifida (brown alga,. Specific growth rates (dry weight basis) were the highest in the animals fed Undaria (including the mixed algal diet), followed by Ulva and Gloiopel tis. The highest feed conversion efficiencies (on a dry weight basis) were with Undaria (80.0%) and Ulva (76.6%) while the lowest was with Gloiopeltis (51.5%). All algal diets did not affect the major lipid class es of the sea urchin tissues. The poor growth rates associated with a seaweed diet deficient in 18:3n-3, 18:4n-3, or 20:4n-6 (such as Gloiopeltis and Ulva) suggest that these FAs may be essential for juveniles of the white sea urchin. The heavy consumption of sea urchin roe in Japan is supported by an annual domestic harvest of around 20,000 tons of fresh sea urchins.1) The tropical white sea urchin Tripneustes gratilla is one of the biggest and fastest grow ing sea urchins. Test diameters of 10 cm are common and harvestable sizes can be reached in 8 months (H. Shiihara: Kagoshima Pref. Maric. Ctr., pers. comm.). This sea ur chin is marine-ranched in the semi-tropical islands of Southern Japan.
The heavy consumption of sea urchin roe in Japan is supported by an annual domestic harvest of around 20,000 tons of fresh sea urchins.1) The tropical white sea urchin Tripneustes gratilla is one of the biggest and fastest grow ing sea urchins. Test diameters of 10 cm are common and harvestable sizes can be reached in 8 months (H. Shiihara: Kagoshima Pref. Maric. Ctr., pers. comm.). This sea ur chin is marine-ranched in the semi-tropical islands of Southern Japan.
Seaweeds are the sea urchin's natural diet and have poly unsaturated fatty acid (PUFA) compositions that are taxo nomically characterized as follows: green seaweeds are high in 16:4n-3, 18:3n-3, and 18:4n-3; red macroalgae are rich in 20:4n-6 and 20:5n-3; and brown seaweeds are high in 18:3n-3, 18:4n-3, 20:4n-6, and 20:5n-3.
2)
The seaweeds in the area where juveniles are released become the food for the growing sea urchins. Brown sea weeds have long been recognized by farmers as superior to red or green seaweeds in the culture of invertebrates, and the perimeter for sea urchin ranching is usually prepared with them prior to stocking. The reason for this has not been studied on a biochemical level. There are several stu dies on the growth of wild sea urchins,3,4) but few nutrition al studies on cultured sea urchins. This study aimed to ass ess the nutritive values of representative green, red, and brown seaweeds for the culture of juvenile T. gratilla and investigate how the nutrients found in the seaweeds affect the biochemical composition of the sea urchin tissues. The results can help to define the dietary preferences and the es sential fatty acid requirement of T. gratilla that preclude the development of artificial diets; promote land-based cul ture of this species and seaweed utilization. where df=final dry weight of the sea urchin (g), di=initial dry weight of the sea urchin (g), 20=days of culture and s=dry weight of the amount of seaweed consumed (g).
Chemical and Statistical Analyses
The methods used for the proximate, lipid class, and fat ty acid analyses of the sea urchin tissues, and the statistical evaluation of the data have been described previously.*3 Differences in means among treatments were tested at a sig nificant level of 5%.
Results
The nutrient composition of the seaweeds used as feed in this experiment is listed in Table 1 . The seaweeds essen tially exhibited the same trends as those used in the aba lone experiment:*3 similar protein levels in the three sea weeds; very low soluble carbohydrate levels but very high lipid content in Undaria. Ulva was rich in 16:4n-3, 18:3n 3, and 18:4n-3. Gloiopeltis contained high levels of 20:4n 6 and 20:5n-3. Undaria contained high levels of 18:3n-3, 18:4n-3, 20:4n-6, and 20:5n-3.
All the sea urchin cultures had 100% survivals (Table 2 ) and very striking differences were noted among the treat ments. The sea urchins fed Undaria (including the mixed algal diet) showed the highest increase in test diameter, body weight gain, and specific growth rate (SGR). This was followed by those fed on Ulva and Gloiopeltis. In the mixed algal diet treatment, the sea urchins preferred Un daria to the two other seaweeds. However the FCE of Gloiopeltis was the lowest (51.5%). The highest FCE was with Undaria (80.0%) and Ulva (76.6%). Soluble carbohy drate content of the sea urchin tissue also reflected the solu ble carbohydrate content of the diet. Sea urchins fed the low soluble carbohydrate Undaria also had the lowest solu ble carbohydrate content in the body. The protein and lipid contents of the sea urchin tissues were not significant ly different among the seaweed diets.
Only three lipid classes were consistently detected in sig nificant amounts (in decreasing order of abundance): sterols, phosphatidylcholine and phosphatidylethanola mine ( Table 3 ). The seaweed diets did not affect the lipid class composition of the sea urchin tissue. The seaweed diets affected the FA content of the sea ur chin tissue (Table 4) and to a certain extent reflected the FA profiles of their respective diets. For example, the lowest levels of 20:4n-6 and 20:5n-3 were observed in the sea urchins fed Ova which did not contain appreciable amounts of these FAs. The FAs 18:3n-3 and 18:4n-3 were not detected in the sea urchins fed Gloiopeltis which was very deficient in these FAs.
Some FAs such as 16:4n-3, 20:4n-6, 20:5n-3, and 20:1n 11, were major components of the sea urchin tissues even if these FAs were sometimes not detected or found in very low levels in the diet, 16:4n-3 was not detected in the red and brown seaweeds. The levels of 20:4n-6 and 20:5n-3 in the green seaweed Ulva were less than 1 % of total FA. 20:ln-11 was not detected in any of the seaweeds used in this experiment. Again reflecting the FA levels of the diet, the levels of PUFA in the whole body were the highest in the sea urchins fed Undaria (including the mixed algal diet), followed by those fed Ulva. The lowest PUFA levels were observed in the sea urchins fed Gloiopeltis which also had the lowest total FA content among all the seaweeds used.
Discussion
Sea urchins are very efficient converters of herbivorous diets into animal tissues and very obvious differences in SGRs were recorded. Clearly, the best seaweed that result ed in the fastest growth rates was the brown alga Undaria, followed by the green seaweed Ulva. The lowest growth rates were observed in the sea urchins fed the red seaweed Gloiopeltis. However, the 100% survivals showed that T. gratilla could subsist and grow even on a nutritionally in ferior seaweed such as Gloiopeltis. Though FCEs of Un daria and Ulva were not statistically different, Undaria resulted in the better growth rates because of the higher food consumption compared to Ova (Table 2) . Sea ur chins on the mixed algae group also clearly preferred Undaria (60.5% of total algal consumption) over Ulva (18.5%) or Gloiopeltis (21%). Although Gloiopeltis and Table 4 . The effects of feeding seaweed diets on the major fatty acids (mg/g dry weight) of juvenile white sea urchin. *1 Scientific names: Ulva pertusa, Gloiopeltis furcata, Undaria pinnatifida.*2
Range of the fatty acid as a percent of total composition. *3 Profile of the sea urchin before the feeding experiment, n=3. *4 Combination of the three seaweeds. *5 Standard error of the means; n= 12. * 6 Not detected . *7 Treatments with the same letter are not significantly different at the 5% level. *8 Total identified saturated and monounsaturated fatty acids.
*9 Total identified polyunsaturated fatty acids . * 10 Total fatty acids .
Ulva have potentially higher energy contents due to their high soluble carbohydrate levels (Table 1) , the sea urchins preferred to consume Undaria, instead ( Table 2 ). The rea sons for the sea urchin's preference for Undaria may in clude (1) the presence of chemical attractants (like the lipid digalactosyl-diacylglycerol6)), (2) its morphology and tex ture (the thallus is wide, thin, easy to tear apart, and has a high moisture content of around 90%), and (3) nutritive value (rich in lipids, total FA and PUFA, Table 1 ). The FA profiles of Undaria and Gloiopeltis best approxi mate the FA profile of the sea urchins, with its high con tent of 20:4n-6 and 20:5n-3. However, the inferiority of the red seaweed Gloiopeltis may be due to its low lipid con tent, its lack of 18:3n-3 and 18:4n-3, and probably the presence anti-herbivore compounds. Phenolic compounds reportedly exist in high levels in red seaweeds of the north ern hemisphere7) and have been implicated in the poor ab sorption of dietary nitrogen in abalone.8) Sea urchins on the red seaweed diet also did not contain detectable levels of 18:3n-3 and 18:4n-3 in their tissues, confirming that T. gratilla is not capable of their synthesis from dietary precursors. These FAs are probably dietary essentials.
The fact that the FAs, 16:4n-3 and 20:5n-3, were major FAs in sea urchin tissues even if they were not detected or found only in very small amounts in the diet, suggests that T. gratilla is capable of their synthesis from algal precur sors including lower fatty acids. This is further supported by the fact that levels of 16:4n-3 and 20:5n-3 in sea urchins were higher after the feeding trial compared to the levels before the start of the experiment. On the other hand T. gratilla appears incapable of synthesizing 20:4n-6 from die tary precursors. There are two main reasons that support this contention: the lowest levels of 20:4n-6 were found in the sea urchins fed Ulva which contained this FA only in very small amounts (Table 1) ; and, the levels of 20:4n-6 af ter the feeding experiment were lower than the levels be fore the start of the feeding study (Table 4) . Therefore, this FA may also be essential. The major sea urchin FAs, 16:4n-3, 20:4n-6, and 20:5n-3 probably have structural functions because they were purposely synthesized. This would also help to explain the high biomass accumulation of the sea urchins fed the lipid and fatty acid-rich brown alga Undaria and the smallest weight gain in those fed the fatty acid-poor red seaweed Gloiopeltis.
The brown macroalga Undaria pinnatifida is nutritional ly superior for the culture of the white sea urchin Trip neustes gratilla, compared to the green seaweed Ulva pertu sa or the red macroalga Gloiopeltis furcata. The effects of the protein (amino acids) and carbohydrate (sugars) frac tions of the seaweed diets on the growth and biochemical composition of the sea urchin await research.
